The significance of cost effectiveness in sustainable design has heightened over the past ten years due to the need for reducing building operational expenses and improving environmental quality. This paper determines life-cycle cost over a 20-year period for eleven external facade systems from seven Australian capital cities. Factors affecting life-cycle expenditure in implementing external facade systems of commercial buildings are considered, including construction cost, space heating and cooling cost, maintenance cost and rental loss due to the thickness of external facade systems. The most cost-effective external facade system is identified for each city. Double-glazing facade is found to be the most cost-effective system in Sydney; however, masonry-veneer facade performs the best overall. This paper can provide insight for commercial design teams in designing buildings with cost-effectiveness and sustainable throughout its life-cycle and highlight the importance of a holistic cost review at design stage in ensuring client satisfaction.
Introduction
It has been found that, over the past 100 years, global average surface temperature has increased about 0.7 • C [1]. The average temperature of Australia has risen by about 1 • C since 1910. Although the increases sound minimal, they have significantly impacted the world's climate. The importance of cost effective and sustainable building design has thus been heightened due crippling effects of the global financial crisis and a growing awareness of the damaging effects greenhouse gases inflict on the environment. Currently, some initiatives and standards have been implemented by governments and private bodies to promote green buildings, for example, Green Star environmental assessment system in Australia [2] , Building Research Establishment Environmental Assessment Method in United Kingdom [3] , the Hong Kong Building Environmental Assessment Method from Hong Kong [4] and the Leadership in Energy and Environmental Design from United Status [5] .
Concern pertaining to global warming encourages designers to investigate sustainable building practices [6] . Sustainable construction is developed as a method to promote resource efficiency with the minimization of environmental disturbance. Buildings have significant impacts on the environment, consuming about 32% of the world's resources, including about 12% of the world's fresh water and up to 40% of its energy [7] . Buildings also produce about 40% of construction and demolition waste sent to landfill and about 40% of air emissions [7] . Commercial buildings produce about 8.8% of the national greenhouse gas emissions and play a major role in meeting Australian and international greenhouse gas targets.
Sustainable building should consider a life-cycle approach to the entire process, from design and construction to building operation and maintenance [8, 9] . It should also promote using sustainable [32] .
The use of insulation in Australian dwellings has increased over the years of 1994-2008, as shown in Figure 2 . It is found that dwellings located in a hot-temperate climate such as Northern Territory and Queensland, have a lower percentage of insulated dwellings compared to the climates that are less extreme. This is highlighted by the lack of education provided from developers and home owners. Table 1 . Effective construction techniques for improving energy efficiency and building sustainability [32] .
Construction Technique Zone
One Two Three Four Five Six Seven Eight Figure 2 . Percentage of dwellings with insulation incorporated in the external facade [33] .
The recent statistics from Australian Bureau of Statistics [33] found that Australian population incorporates insulation into the construction or refurbishment of their dwellings mainly for achieving comfort (about 83%). Savings on energy bills and reductions in energy use were relatively minor factors (about 11% and 4%, respectively). Of those households with no insulation, "not home owner/not responsible" was reported as the main reason for not having insulation (about 34%), followed by "cost" (about 17%) and "have not considered it" (about 12%). Heat penetration into a building can be significantly reduced with the inclusion of insulation within the facade systems, thus assisting the building for achieving thermal comfort for its occupants [34] . Increasing the insulating property of facade systems can improve thermal energy performance of the building and of course provide cost-effectiveness [35, 36] . The above results recorded in previous studies have raised concerns over the education by the state and territory governments on the importance of incorporating insulation into building design.
Cost implications of facade systems are becoming critical to buildings' life-cycle cost and the environment [37] [38] [39] . Due to the escalating electricity prices and growing awareness of the damaging effects from greenhouse gases to the environment, construction design teams are concentrating on delivering cost effective yet environmentally sustainable designs. For a designer to achieve the above criteria, they must understand all factors that will affect building performance [40] .
Therefore, this paper evaluates cost effectiveness of eleven types of external facade systems for commercial buildings by determining their life-cycle cost for seven Australian capital cities, namely Sydney, Melbourne, Darwin, Brisbane, Perth, Adelaide and Hobart. The eleven external facade systems examined in this paper are: (i) double-skin-masonry; (ii) masonry-veneer; (iii) compressed-fiber-cement; (iv) precast-concrete; (v) Alucobond; (vi) double-glazed; (vii) single-glazed-spandrel; (viii) Bondor-panel; (ix) Greenboard; (x) Kingspan; and (xi) Eco-block. The most cost effective external facade systems can be identified for each major city. All monitory values stated in the paper are in Australian dollars and are goods and services tax (GST) exclusive.
Research Methodologies
To determine cost effectiveness of using external facade systems, life-cycle cost for using different types of external facade systems in seven major Australian cities was explored and compared. The seven major Australian cities investigated are Sydney, Melbourne, Brisbane, Adelaide, Perth, Darwin and Hobart. The following eight procedures were used to achieve the objectives: (i) examining required R-value of external facade systems for major Australian cities; (ii) examining required minimum thickness for external facade systems; (iii) identifying its construction cost; (iv) identifying its space heating and cooling cost; (v) identifying loss of rent due to thickness of the external facade systems; (vi) identifying its maintenance cost; (vii) identifying inflation rate; and (viii) exploring life-cycle cost for using external facade systems.
Required R-Value of External Facade Systems for Major Australian Cities
Traditional building material may not achieve the required R-value to meet the current standards. Information from the Building Code of Australia, Section J: assessment and verification of an alternative solution, was used to find the required R-value of external facade systems for major Australian cities [41] .
Required Minimum Thickness for External Facade Systems
The eleven external facade systems investigated are: (i) double-skin-masonry; (ii) masonry-veneer; (iii) compressed-fiber-cement; (iv) precast-concrete; (v) Alucobond; (vi) double-glazed; (vii) single-glazedspandrel; (viii) Bondor-panel; (ix) Greenboard; (x) Kingspan; and (xi) Eco-block. The selection consisted of a mixture of traditional systems that have been used for hundreds of years and new innovative systems that have only been recently introduced into the market. Under the guideline from the Building Code of Australia, detail analysis of the components and thickness required for each external facade system wasconducted [41] .
Construction Cost
Construction cost was determined using Rawlinsons Australian Construction Handbook [42] . Rawlingsons Australian Construction Handbook is the leading reference book within the Australian construction industry, is mainly directed for medium/large-sized projects and contains a wide range of construction cost information for all Australian capital cities.
Space Heating and Cooling Cost
Space heating and cooling cost is measured based on Equation (1) [30] .
where HC is the space heating and cooling cost (in $/m 2 /year); U is the thermal performance of external facade systems; DD is the degree day; η is the mechanical efficiency of space heating systems; and ER is the electricity rate. This paper used $0.20 for all capital cities for the calculation. It is assumed that the calculations of space heating and cooling are similar in this paper. The thermal performance (U) of external facade systems is calculated by adding individual R-Value within the system and taking the reciprocal of the total value.
The degree day method is the simplest and most intuitive way of estimating energy consumption of a building. This method is useful in diagnosing potential impacts of regional climate modifications on energy demand for space heating and cooling [31] . Heating and cooling degree days are based on the average daily temperature. The average daily temperature is calculated by dividing the addition of the maximum and minimum daily temperature by two [33] . If the average daily temperature falls below comfort levels, heating is required; and if it is above comfort levels, cooling is required. The heating degree days or cooling degree days are determined by the difference between the average daily temperature and the comfort level temperature. The comfort level values used were 18 degrees Celsius for heating and 24 degrees Celsius for cooling. Table 2 identifies the annual heating and cooling degree days using the contours maps shown in Figures 3 and 4 . The mechanical efficiency of space heating system, η, used in the equation, is 73% according to the information from leading Australian mechanical equipment suppliers [43, 44] . Figure 5 identifies elements that reduce the efficiency of a standard mechanical system. 
Loss of Rent Due to Thickness of the Facade Systems
There is no doubt that the thicker the material on external facade systems, the better insulation performance it will achieve. However, if the material is too thick, the available office space may be significantly reduced. This can thus affect income from office renting.
Equation (2) is used to determine the total rental loss per annum incurred by the thickness of the external facade systems.
where RL is the rental loss per annum (in $); FT is the facade thickness (in m); and RRR is the rental return rate for external facade system (in $/m). The rental return rate for each capital city was established using Rawlinsons Australian Construction Handbook [42] .
Maintenance Cost
Building maintenance is an ongoing operational cost that a building incurs over its lifetime. Maintenance cost for each external facade system is determined as a percentage of the total cost to construct the system. The maintenance percentage used in this paper was 4.5% as recommended in the Rawlinson Australian Construction Handbook [42] . Equation (3) shows the formula for calculating maintenance cost of external facade systems.
where M is the maintenance cost of the external facade systems (in $/m 2 ); C is the construction cost of the external facade systems (in $/m 2 ); and MP is the maintenance percentage of the systems.
Inflation Rate
Standards Australia defines inflation rate as a rate of increase applied to cost incurred at a future date to reflect the relative purchasing power of money in terms of chosen point in time, usually the present. Inflation rates are computed in retrospect, generally using a reference set of items or estimated in advance [45] . Information from the Reserve Bank of Australia was used for the calculation in this paper [46] .
Life-Cycle Cost for Using External Facade Systems
To determine the cost effectiveness and compare among different external facade systems, a life-cycle of 20 years was conducted for each external facade system in each Australian capital city as most facade systems have reduced improvement after 20 years. Equation (4) was used for the life-cycle cost calculation.
where F is the life-cycle cost for the external facade systems; i is the inflation rate; and n is the number of years.
Results and Discussions

Required R-Value of External Facade Systems for Major Australian Cities
Cities located in more extreme climates require a greater insulation rating compared to cities located in a normal climate. According to Australian Building Codes Board [41] , Table 3 summarizes the required R-value of external facade systems for major Australian cities. To enable external facade systems to achieve the required R-value, different insulating techniques need to be incorporated into the systems. Darwin requires the highest R-value for external facade systems as it is located in a hot climate zone while Hobart requires the lowest R-value for the systems as it is located in a cold climate zone. The R-values required for external facade systems are between 3.3 (Brisbane and Darwin) and 2.5 (Hobart).
Required Minimum Thickness for External Facade Systems
Eleven external facade systems are selected under investigation in this paper: (i) double-skin-masonry; (ii) masonry-veneer; (iii) compressed-fiber-cement; (iv) precast-concrete; (v) Alucobond; (vi) double-glazed; (vii) single-glazed-spandrel; (viii) Bondor-panel; (ix) Greenboard; (x) Kingspan; and (xi) Eco-block. Figure 6 illustrates the cross sections for each external facade system and Table 4 examines the components with its R-value and thickness for each system.
The thicknesses of external facade systems range between 0.174 m (for double-glazed facades) and 0.432 m (for Eco-block facades) and R-values are between 1.160 (for double-glazed facades) and 4.848 (for Kingspan facades). It is found that double-glazed external facade system is significantly thinner than other systems. It is the thinnest system with the lowest R-value. Alternatively, Eco-block is the thickest external facade system of about 0.432 m with the R-value of about 3.700 and Kingspan is the highest R-value external facade system of about 4.848 and the thickness is about 0.319 m. 
Construction Cost
Constructions cost of an external facade system is determined by adding the cost per meter square (m 2 ) for supply and installation of each of the composite materials (see Table 4 ) within the system. The national costing can be referred from Rawlinsons Australian construction handbook [42] . Table 5 summarizes the construction cost for each external facade system in major Australian capital cities. It is found that external facade systems are priced between $177.00/m 2 (for masonry-veneer facades from Brisbane) and $1085. 
Space Heating and Cooling Cost
Insulation of external facade systems can have a significant effect on space heating and cooling cost incurred by the building for achieving occupants' thermal comfort. A well-insulated facade system can reduce heat penetration into the building from a hot climate and prevent heat generated in the building from escaping externally in a cold climate.
The thermal performance (U) of external facade systems is the reciprocal of the R-value of external facade systems, as discussed in Section 2. Table 6 summaries the R-values and U-values of the eleven external facade systems. External facade system with the highest R-value and the lowest U-value is the most efficient system in preventing heat transfer into a building. The R-values recorded for the facade system are very similar with the exception of the double-glazed facade system, which recorded the lowest R-value of about 1.160 or the highest U-value of about 0.862, and Kingspan facade system, which has the highest R-value of about 4.848 and U-value of about 0.206. The findings are important for design teams, as they provide assurance that the design selected meets the minimum requirements specified in the Australian Building Codes Board. Generally, an external facade system with a lower U-value requires less energy to heat and cool the building and thus reduces space heating and cooling cost.
Based on Equation (1) with the information on U-value (from Table 6 ), number of degree day (DD) (from Table 2 ), mechanical efficiency (η) of 0.73 and electricity rate (ER) of 0.2, space heating and cooling cost for major Australian capital cities can be calculated, as summarized in Table 7 . It is found that the annual space heating and cooling cost is between $0.78/m 2 (for Kingspan facades from Brisbane) and $10.97/m 2 (for double-glazed facades from Melbourne). Double-glazed facades are found to be the most expensive system. It must be noted that the above investigation does not t consider the savings that may be achieved in lighting due to the transparency of the double-glazed facade systems. A double-glazed facade system can reduce the amount of energy required to provide artificial lighting.
Loss of Rent Due to Thickness of the Facade Systems
Using Equation (2), Table 8 summaries the rental loss, RL, for each external facade system with the information on the average office rental return rates, RRR (see Table 9 ), and facade thicknesses, FT (from Table 4 ). Table 9 . Average office rental return rates in major Australian capital cities [42] . It is found that the annual rental losses are between $21.75 (for double-glazed facades from Darwin) and $453.60/m 2 (for Eco-block facades from Sydney). In general, Darwin has the lower rental losses while Sydney has the highest rental losses from the systems, as reflected from their average office rental return rates (Table 9 ).
Maintenance Cost
Based on Equation (3), Table 10 summarizes the maintenance cost of external facade systems. It is found that the maintenance cost is between $7.97/m 2 (for masonry-veneer facades from Brisbane) and $48.85/m 2 (for double-glazed facades from Brisbane). Masonry-veneer facades are found to have the lowest maintenance cost while double-glazed facades have the highest maintenance cost among the systems. The calculated maintenance cost does not consider the building's location. For example, a building located in a marine environment will incur significantly more maintenance cost than a building located away from the water. 
Inflation Rate
The Governor and the Treasurer have agreed that the appropriate target for monetary policy in Australia is to achieve an inflation rate of 2-3%, on average, over the cycle. The Reserve Bank of Australia has set the current inflation rate as 2.7% [46] . Figure 7 is a graphical representation of the inflation rate over the past 60 years. 
Life-Cycle Cost for Using External Facade Systems
Based on Equation (4), Table 11 shows an example of the life-cycle cost calculations for double-skin-masonry facade system in Sydney based on the construction cost (Table 5) , space heating and cooling cost (Table 7) , rental loss (Table 8 ) and maintenance cost (Table 10) . Table 12 summarizes the life-cycle cost of different types of external facades systems for major Australian capital cities. It is found that the life-cycle cost is between $1681.10 (for masonry-veneer facades from Darwin) and $12,829.75 (for Eco-block facades from Sydney). Masonry-veneer facades are found to be the most cost-effective systems for most cities, except Sydney, with the life-cycle cost ranging from $1681.10 (from Darwin) to $5384.21 (from Brisbane) due to its low construction cost and relatively good thermal rating. Double-glazed facade is the most cost-effective system in Sydney with the life-cycle cost of about $6714.16. This can be explained by the high rental loss in Sydney compared to other cities. Thus, Sydney requires a cost-effective system with minimal facade thickness. However, Eco-block facades are the least cost-effective systems for most of the cities, except Darwin and Hobart with the life-cycle cost ranging from $5921.11 (from Melbourne) to $12,829.75 (from Sydney). Single-glazed spandrel facades are the least cost-effective systems for Darwin and Hobart with the life-cycle costs of about $3076.08 and $4908.90, respectively.
The cities' rankings varied for each of the life-cycle cost factors. The most expensive city to construct the facade systems is Darwin while the cheapest city varied depending on the system. As the maintenance cost is calculated as a percentage of the construction cost, the findings are similar. The city which is affected most by space heating and cooling cost is Darwin, while Brisbane is affected the least. The city which is affected most by the rental loss due to the thickness of the facade is Sydney, while Darwin is affected the least.
The above findings highlight the importance for design teams for considering all cost factors in determining the most cost-effective facade design. While a design may be cost effective to construct, its operational expenses may outweigh the initial savings. If a building is constructed incorrectly due to the design teams not considering the operational expenses, the building may never achieve its full potential in term of cost-effectiveness. This will also be difficult to redeem after construction period.
Conclusions
This study investigated cost effectiveness of eleven external facade systems by determining their life-cycle cost in a 20-year period from seven major Australian capital cities. Construction cost, space heating and cooling cost, rental loss due to the thickness of the system, maintenance cost, and inflation rate were considered in the life-cycle cost calculations. It was found that masonry-veneer facades are the most cost-effective systems for most cities, except Sydney due to its low construction cost and relatively good thermal rating. Double-glazed facade is the most cost-effective system in Sydney due to its minimal facade thickness and high local rental loss. However, Eco-block facades are found to be the least cost-effective system for Sydney, Melbourne, Brisbane, Adelaide and Perth, and single-glazed-spandrel facades are found to be the least cost-effective for Darwin and Hobart. This paper can help designers in determining the most cost-effective and sustainable external facade systems at an early planning stage. 
